In the present study, isolated mixing regions (IMRs) in an agitated vessel using a paddle or disk-turbine impeller have been visualized experimentally, and their structural properties and formation mechanism are investigated in detail. A set of thin filaments spirally wrapping around the core of a toroidal isolated mixing region is observed under laminar-flow conditions, where the Reynolds number is smaller than 60. This filament rotates in both directions of horizontal and vertical circulating flows. The three-dimensional geometrical structure of a filament in an IMR depends on the periodical perturbations caused by the rotating impeller. We have succeeded in the determination of the three-dimensional geometrical structure of a filament in an IMR based on the relationship between the movement of a fluid particle and filament numbers and/or wire turns. Interestingly, the wire turns of filaments are opposite to movement of fluid particles.
Introduction
Mixing by means of impeller agitation has been an essential unit-operation in chemical engineering processes. Among a number of mixers, stirred tanks that are available in a wide variety of tank sizes and impeller shapes are the most frequently adopted to homogenize different substances and to conduct chemical reactions in industrial chemical processes. Recently, depending on the purpose and conditions, a wide range of operation is required for stirred tanks. In the case of the mixing of high-viscosity fluids and shear-sensitive materials, which is frequently conducted under low Reynolds number (Re) conditions, the flow conditions of low Re bring about inefficient global mixing. This leads to the presence of segregated mixing regions from the chaotic mixing regions (CMR) in the form of toroidal vortices above and below an impeller, which is called an isolated mixing region (IMR) (Lamberto et al., 1996 (Lamberto et al., , 1999 Bresler et al., 1997; Yao et al., 1998; Makino et al., 2001a Makino et al., , 2001b Ohmura et al., 2003) . In CMR, mixing is performed by means of convective mass transfer. On the other hand, material exchange by diffusion is dominant at the interface between CMR and IMR. IMR is usually detrimental for global and uniform mixing within a stirred tank, which results in low performance of the chemical process (Lamberto et al., 1996; Bresler et al., 1997) . Therefore, many researchers have made exhausting efforts to eliminate the IMRs efficiently. Large-scale impellers are usually adopted to avoid the formation of IMRs in agitated vessel. In addition, Lamberto et al. (1996) and Yao et al. (1998) have proved that unsteady agitation could cause the IMRs to disappear. These methods involve some complicated systems and require large amounts of power. Hence, it is important to control IMR's structure efficiently by a simple technique.
According to our previous study Hirata, 1999, 2000) , the geometrical structure of an IMR in the two-dimensional (2D) cellar flow can be understood by use of the Poincaré-Birkhoff theorem (Doherty and Ottino, 1988; Ottino et al., 1988) . Generally, flux in a stirred tank is three-dimensional (3D) flow and is consequently extremely complicated. Makino et al. (2001a Makino et al. ( , 2001b and Ohmura et al. (2003) have investigated the structural properties of IMRs in stirred vessel using a disk-turbine impeller. They have visualized toroidal IMR structures and revealed that the IMR consists of several filaments and core torus, which depend on the periodical perturbations caused by the rotating impeller. Therefore, the Poincaré-Birkhoff theorem may have applicability to 3D-flow in a stirred vessel. However, the detailed 3Dgeometrical structure of IMRs in a stirred vessel is still unclear. In addition, almost all researches on IMRs have been performed to reveal the appearance of IMR structures such as an IMR's size, and the formation mechanism of IMRs has not been evaluated. The geometric and dynamic information that would allow for the formation of IMRs to be efficiently avoided is necessary and could lead to the development of novel agitation techniques under laminar conditions.
The present study has a strategy aimed at visualizing the 2D-as well as 3D-geometrical structure of IMRs experimentally and analyzing the relationship between IMR structure and flow conditions (i.e., the formation mechanism of IMRs) in an agitated vessel. To obtain the geometric and dynamic information of an IMR, visualization by means of Laser Induced Fluorometry (LIF) was adopted in the present study. First, the detail geometrical structure of the IMR was visualized and analyzed by means of the fluorescent-tracer particle method. Second, based on the experimental data, the formation conditions of the IMR corresponding to the fluid conditions were investigated in detail. In the present study, a two-bladed paddle impeller, which is the simplest among various impellers, and two-or six-bladed disk-turbine impellers were adopted. In addition, a rotational disk, which could oscillate up and down, was also used to enhance the current theory for the formation mechanism of IMRs.
Experimental

Materials
In the present study, we used the following chemical materials: research grade sodium fluorescein (uranine), glycerol (glycerin, mole fraction purity 0.990), and a sodium hydroxide solution (NaOH, 0.001 mol/m 3 ). All of them were obtained from Wako Pure Chemical Industries, Ltd. and were used without further purification. In addition, de-ionized water was produced using water-manufacturing equipment made by Nihon Millipore K.K.
Experimental apparatus
The experimental apparatus in the present study consisted of the following parts: an acrylic cylindrical vessel (handcrafted), an agitating acrylic impeller-blade (handcrafted), an agitating motor (BL-600, HEIDON), a syringe pump (PHD-200, HARVARD), a laser-sheet control unit (Spectra Physics, 385F), and a digital video camera (MLX-ST-706, NAC). A schematic illustration of the overall experimental apparatus is shown in Figure  1 . Both the diameter of the vessel (D) and liquid depth (H) were 120 mm, and the diameter (d ), length (l ), and thickness of the impeller were 60 (d / D ϭ 0.5), 12 (l / D ϭ 0.1), and 3 mm, respectively. In the case of the turbine impeller, the diameter of the disk was 30 mm, and the length and thickness of the blade are 30 and 3 mm, respectively. The impeller was installed on the centerline at a distance (h) of 60 mm from the bottom of the vessel. In addition, to evaluate the dependence of IMR properties on the scale difference of the agitating system, a system that had 2.5 times the scale of the normal one was adopted. The viscosity (μ) and density (ρ) of the agitating fluid used in the present study were measured using a cone-plate viscometer (VISCONIC ELD, Tokyo Keiki Co., Ltd.) and a glass pycnometer, respectively. The experiment temperature was measured by a Pt resistance thermometer (TL-1A, Thermoprobe Inc.). The uncertainty of the temperature and viscosity were 0.06 K and 1%, respectively.
Experimental procedures
Firstly, a water solution of glycerin was prepared at the concentration of 90 mass% as a working fluid. The viscosity and density of the 90 mass% glycerin solution was ϳ0.164 Pa · s and ϳ1228 kg/m 3 at 298.15 K, respectively. This working fluid was charged to the vessel at a desired height. Uranine was used as a passive tracer, which was a fluorescent pH-sensitive dye that exhibits strong luminescence at alkaline pH. In the present study, IMR-visualization was carried out by direct injection of the fluorescent tracer to the IMR region using a syringe pump. In advance, the injection position was determined based on the experimental data of the decolorizing method using iodine and sodium thiosulfate. The basic working fluid (90 mass% glycerin-uranine aqueous solution) was initially prepared by adding a small amount of basic solution consisting of NaOH and glycerin. After sufficient time had passed since the impeller reached a certain revolution speed, the basic working fluid prepared from NaOH, uranine, and the glycerin aqueous solution was injected carefully to the upper or lower IMR region in the vessel (we confirmed that the structure of the IMR above and below impeller was comparable with each other). This method allowed for pinpoint injection to the IMR spot (e.g., only island region of IMR). In particular, it was possible to visualize only an island (2D in a vertical cross-section) or filament (3D) region by this method. The IMRs were exposed to fluoresce using a plane sheet of Ar ion laser light (2D) or a black light (3D). The sequential digital images of IMRs were taken with a digital video camera. The normal 3D and 2D im-
846
JOURNAL OF CHEMICAL ENGINEERING OF JAPAN Although the time for which the structure of IMR filaments is held depends on the experimental conditions and diffusivity of tracer particle, we could maintain the filament structure at least 2 h. This IMR filament rotates in both directions of primary circulating flow and secondary circulating flow. In a vertical crosssection, 3D filaments correspond to 2D islands. The rotational angular velocity of a fluid particle moving along with primary circulating flow by the rotating impeller (ω 1 ) and secondary circulating flow derived from discharge flow of the impeller (ω 2 ) could be calculated from the rotational period (T ϭ 2π / ω) of each flow, which was obtained as an average value by analyzing the rotational period of tracer contrast-density (unevenly colored part) in the IMR filaments from 3D moving image. "Fluid particle" indicates one of the particles constituting a fluid, which transfers along the flow vector in an agitated vessel. As mentioned later, the ω 1 and ω 2 of a fluid particle moving along the flow vector are same as those of IMR filaments. In addition, the apparent rotational angular velocity of an island in a vertical crosssection (ω i2 ) was also obtained from a 2D moving image. Further details of ω 1 , ω 2 , and ω i2 are provided in the following section. It is notable that the discrepancy between ω 2 and ω i2 supports the spiral structure of IMR filaments, and thus both 2D and 3D measurements and their information are essential.
In the present study, the Re number defined as Re ϭ ρn r d 2 / μ was varied ranging from 20 to 60 (under laminar-flow conditions), where n r was the revolution speed of the impeller (the rotational angular velocity of impeller (ω r ) equals to 2π n r ). Hereafter, dimensionless rotational angular velocity, ω j * and ω ij *, are defined as ω j / ω r , ω ij / ω r , where ω j and ω ij represent the rotational angular velocity of a fluid particle and the apparent rota-tional angular velocity of an island in a cross-section, respectively. The subscript j denotes the aspect of the Poincaré cross-section in relation to the motion direction of fluid particles. That is, the subscript "1" and "2" represent the movement in the horizontal and vertical directions, respectively. In addition, from the viewpoint of a cross section, the subscript "1" and "2" represent the vertical (horizontal motion cut across) and horizontal (vertical motion cut across) cross sections, respectively. Figure 3 shows a typical image of whole the overall structure of an IMR in vertical cross-section. As shown in Figure 3 , the IMR core except for the outside filament seems to have multiple structures, which are composed of a few islands and tori. In general, it is well known that the IMR region in 2D chaotic flow has multiple cores and islands based on the Poincaré-Birkhoff theorem of resonance . In the 3D system, it is difficult to visualize experimentally these multiple cores and islands. In the present study, fortunately, we have succeeded in the visualization of the multiple structures (Figure 3(b) ) close to those of 2D theoretical system. In addition, the number of the outermost islands in the IMR changes drastically depending on Re. Figure 4 shows the variation of in vertical island numbers (N 1 ) of IMR depending on the magnitude of Re. The numbers of island regions of of IMR in a vertical cross-section exhibits step-like decrease as Re increases. The trends of the present results are similar to those of Ohmura et al. (2003) , while they suggest that the islands of IMR in the case of disk-turbine impeller are larger in number than that of paddles one in spite of the same number of blades and Re. In addition, there is some discrepancy between the two different scale systems at similar Re values in spite of the same impeller (2-bladed paddle). This indicates that the formation mechanism of IMR islands is inexplicably based on Re. As described later, the islands (or filament) of IMR are formed by the resonance between the movement of fluid particles and perturbation by a rotational impeller. In fact, as shown in Table 1 , N 1 depends only on the apparent rotational angular velocity of an island in a crosssection, ω i2 *. In general, it is well known that paddle impellers have high shearing capacity but low pumping capacity. On the other hand, disk-turbine impellers have high pumping ability because they can draw in fluid from the axial direction and then discharge in the radial direction. Then, the disk plays an important role in discharging fluid efficiently in a radial fashion. It is notable that a strong discharge flow does not always enhance the circulation of fluid particles (Lamberto et al., 1999) . It was previously confirmed that the size of the IMR for the two-bladed paddle impeller is slightly smaller than that for two-or six-bladed disk turbine one (Lamberto et al., 1999) . Hence, in view of the "shortest" (nearest the center of discharge-flow vortex) circulation-pathway of discharge flow that may determine the size of the IMR region in an agitated vessel, the present results indicate that this shortest circulation-pathway for the disk-turbine impeller is longer than that for a normal paddle impeller. Consequently, the circulation period of a fluid particle in the case of the disk-turbine impeller may become longer and then the rotational angular velocity of the fluid particle, ω 2 and ω i2 , would become smaller than those of the normal paddle one. Therefore, in the case of the diskturbine impeller, the resonance frequency increases, and then the number of IMR islands comes to increase. Additionally, as shown in Figure 2 , the filament forms in right-handed spiral structures, which is interestingly opposite to the movements of fluid particles.
Results and Discussion
Geometric structure and size of IMR
Formation mechanism of IMR filament
First, from the moving image of an IMR, it can be confirmed that the entire IMR is periodically perturbed by the rotational impeller-blade. In addition, Figure 5 illustrates that the movement of IMR islands is synchronized with that of rotational impeller-blade. That is, each IMR island periodically approaches an impeller-blade 848 JOURNAL OF CHEMICAL ENGINEERING OF JAPAN and is perturbed. Hereafter, both the static and dynamic structures of an IMR filament are examined in detail. As shown in Figure 2 , the filament forms in right-handed spiral structures, which is interestingly opposite to the movements of fluid particles. This filament is physically active in both directions of primary circulating flow (θ 1 ) and secondary circulating flow (θ 2 ) at the rotational angular velocity of ω 1 and ω 2 , respectively. The discrepancy between ω 2 and ω i2 , which is confirmed from the moving image of the experimental results, supports the spiral structure of the IMR filament. The experimental data obtained from the tracer-particle method are summarized in Table 1 and Table 2 . For convenience, other parameters are defined as follows as shown in Figure  6(a) and (b) . β represents filament number. N j and n j represent total island number and island number per single filament (N j ϭ n j β) in a cross-section, respectively. W j represents the winding number of a filament. Incidentally, it is proper for N 2 to be considered equivalent to half of total number of islands in a horizontal cross-section because filaments cut across the horizontal section twice per one winding. Based on the Poincaré-Birkhoff theorem of resonance, the resonance conditions in both horizontal and vertical Poincaré cross-sections are represented by Eq. (1).
Here, m represents the number of blades and mЈ is an arbitrary integer number. In a case with rotating impeller blade, the parameter α represents the effective perturbation number of an IMR island during one rotation of the impeller. Based on the experimental results, α ϭ 2 (mЈ is unity) for a two-bladed paddle or disk-turbine impeller, and α ϭ 1 (mЈ ϭ m) for a six-bladed disk-turbine impeller. Figure 7 shows a schematic diagram of the rela-tionship between filaments and fluid particles in a 2D surface, which is based on the observation results. Figure 7 illustrates a projected diagram of corded IMR filaments, which are broken down in the direction of θ 1 and θ 2 . A fluid particle, which is located on the position of 'position A' at a given time, transfers from 'A' to 'B' per unit time. IMR filaments, which are constructed by a set of these fluid particles, shift accompanying this movement of fluid particles. Fluid particles transfer at the rotational angular velocity of ω 1 and ω 2 . On the other hand, the IMR filament transfers at the apparent rotational angular velocity of ω i1 and ω i2 in the horizontal and vertical cross-sections, respectively. As shown in Figure 7 , the following equations can be obtained from the relation between fluid particles and filaments (closed orbital condition of filaments).
s ϭ tan φ ϭ (ω i2 * Ϫ ω 2 *) / ω 1 * ϭ ω 2 * / (ω i1 * Ϫ ω 1 *) (2) Here, s represents an arbitrary variable number and, as can be observed from Figure 7 , s shows the slope of filaments. The following Eq.
(3) can be obtained by rearranging Eqs. (1) and (2).
Two solutions are obtained from the quadratic Eq.
(3) (s ϭ Ϫω 2 * / ω 1 *, N 2 / N 1 ).
In the first case of s ϭ Ϫω 2 * / ω 1 *, which is not obtained in these experiments, the path of a fluid particle is coincident with the filament (ω i1 * ϭ ω i2 * ϭ 0, which can be obtained from Eq. (2)). In this case, the closed orbital condition of fluid particles can be described by Eq. (4) . ω 2 * / ω 1 * ϭ N 2 / N 1 (4) N 1 and N 2 are the total number of islands in vertical and horizontal Poincaré cross-sections, respectively, which are minimal integer numbers that satisfy Eq. (4).
In the other case (s ϭ N 2 / N 1 ), the following equations can be obtained from Eqs. (1) and (2) (the selecting condition of resonant orbit).
Here, N j ϭ n j β, and Eq. (5) can be modified to Eq. (6).
n 2 βω 1 * ϩ n 1 βω 2 * ϭ α
When combinations of integer numbers (N 1 , N 2 , n 1 , n 2 , α, β) that simultaneously satisfy Eqs. (5) and (6) exist, the corresponding resonance-orbit (ω 1 *, ω 2 *) can become the fluid particle orbit that generates the filament. The results calculated from the above equations based on the experimental data (ω 1 *, ω 2 *, and N 1 can be obtained from experimental visualization) are summarized in Table 2 . Table 2 , including the experimental data, as written in italic letters in Table 2 . In actual experiments, (N 1 , N 2 ) or (n 1 , n 2 ) always becomes the combination of minimal integer numbers. Table 2 also includes the winding number, W j . As can be observed from Figures 6 and 7 , the relationship between N j and W j can be expressed as Eqs. (7) and (8). 2π s / W 2 ϭ 2π / (N 1 / β)
2π (1 / s) / W 1 ϭ 2π / (N 2 / β)
Hence, W j is easily obtained from Eqs. (9) and (10).
The experimental results agree well with the calculated results obtained from the above equations. That is, in view of the formation mechanism and structural properties of IMR filaments (resonance theory), there is no difference between normal paddle and disk-turbine impellers. As mentioned previously, the existence of the disk affects the strength of discharge flow from the impeller and then the resonance number between the circulation of fluid particles and impeller rotation. As a result, there is a difference in the number of IMR islands between the normal paddle and disk-turbine impellers even for the same revolution speed of impeller. On the other hand, the experimental results of previous reports (Makino et al., 2001a (Makino et al., , 2001b Ohmura et al., 2003) , which were performed using a six-bladed disk-turbine impeller, can be described using the above equations as follows: ω i2 * ϭ ω 2 *, N 2 ϭ n 2 ϭ 0, n 1 ϭ 1, α ϭ 1, N 1 ϭ β, ω 2 * ϭ m / βmЈ (resonance condition, m ϭ mЈ). That is, unlike the results of the present study, the previous studies claimed that the filaments did not wrap spirally around the IMR core region and they stood alone from each other. Although it is still unclear what causes this discrepancy between the present results and previous reports, the previous reports did not give great importance to the 3D filament structure. However, we have succeeded in the visualization of a set of thin filaments spirally wrapping around the core of the toroidal region, which is supported by the formation mechanism of IMR filaments (Figure 7) . Hence, it is reasonable to conclude that the filaments would wrap spirally around the IMR core region.
In the case of a rotational impeller blade, IMRs are perturbed non-uniformly (i.e., not simultaneously) in the circumferential direction. Consequently, the IMR filament comes to have a spiral structure. By contrast, the IMR filament that is perturbed uniformly in the circumferential direction may not spirally wrap around the corded core and more than one filament may exist independently. In the present study, this theory on the formation mechanism of IMRs was verified using the rotational disk, which could oscillate up and down and can give uniform perturbations around the disk. As shown in Figure 8 , three filaments exist independently from one another and rotate in the θ 1 and θ 2 directions, and do not spirally wrap around the core. In this case, it is reasonable to assume the same theory of IMR formation mechanism as the case with the rotational impeller. Then, in the Eq. (5), α must represent the effective perturbation number of an IMR island during the unit period of disk oscillation and ω 2 * has to be normalized using the angular velocity of disk oscillation (ω v ). Based on the experi-mental data (N 1 ϭ 3, N 2 ϭ 0, β ϭ 3, ω 2 * ϭ 0.329), results (α ϭ 0.998) are obtained that agree well with the experimental data and the prediction based thereon. We have thus succeeded in confirming the validity of the theory of the present mechanism for IMR formation.
As mentioned in the introduction, there have thus far only been complicated and/or inefficient methods such as unsteady (time-dependent) agitation and agitation using a large-scale impeller to eliminate IMRs. The present study shows that with simply breaking the resonance condition between circulation flow and impeller rotation, the IMR can be removed efficiently even using a simple agitation technique. Hence, the present theory in this manuscript is essential for industrial applications to design a new small impeller, which can break the resonance condition.
Conclusion
The geometrical structure of IMRs in an agitated vessel with rotating paddle and disk-turbine impellers has been experimentally investigated. We have succeeded in the visualization of a set of thin filaments spirally wrapping around the core of the toroidal region under low Re conditions (20 Ͻ Re Ͻ 60). The threedimensional (3D) geometrical structure of an IMR filament depends on the periodical perturbations caused by the rotating impeller. The 3D geometrical structure of a filament in an IMR, the relation between mixing conditions and filament numbers and/or wire turns can be formulated and estimated based on resonance and closed orbital conditions. Filaments form in right-handed spiral structures, which is interestingly opposite to the movement of fluid particles. 
